Institute of Ocean Technology (NIOT), Chennai, and the Indian National Centre for Ocean Information Science (INCOIS), Hyderabad, were set up in 1992 and 1999, respectively, by the Department of Ocean Development (now the Ministry of Earth Sciences, or MoES). These institutes have contributed to the development of basic scientific knowledge of the Indian Ocean (e.g., Jayaraman, 2007) , as well as to applied ocean science and technology that have direct social impact. For example, NIOT operates a regional oceanographic buoy network consisting of moored buoys at a dozen locations in the northern Indian Ocean (Venkatesan et al., 2013) . INCOIS is a major partner in the international collaboration in maintaining the Research Moored Array for AfricanAsian-Australian Monsoon Analysis and Prediction (RAMA; McPhaden et al., 2009) and the Indian Ocean Argo float network (Riser et al., 2016) . INCOIS also partners with the Indian Institute of Tropical Meteorology (IITM), Pune, and the India Meteorology Department (IMD), Delhi, in forecasting severe weather and monsoon variability using coupled models. NIO leads national efforts in coastal oceanography (Chaitanya et al., 2014; Mukherjee et al., 2014) , equatorial current measurements (Sengupta et al., 2004; Murty et al., 2006) , long-term expendable bathythermograph (XBT) lines, and continuing ship-based sections using traditional conductivity-temperature-depth (CTD) casts at O(50-100) km spacing (Murty et al., 1992; Shetye et al., 1996; Gangopadhyay et al., 2013) .
THE NEED FOR ADVANCED CAPABILITIES
The response of the upper ocean to surface fluxes, as well as the fluxes themselves, are shaped by the unique thermodynamic structure of the Bay of Bengal, with a shallow fresh layer above a deep
INDIAN OCEANOGRAPHIC CAPABILITY
In India, teaching and research in oceanography began at Andhra University, Waltair, shortly after independence in 1947, followed by establishment of other university departments. In recent decades, India has made impressive strides in all areas of oceanography. The National Institute of Oceanography (NIO), Goa, was established in 1973; the National " We hope that the examples of successful capacity building initiatives described in this article will help other international oceanographic collaborations. Long-lasting collaborations and friendships that transcend national boundaries have been built by ASIRI-OMM largely due to the program's capacity building and training.
" .
ABSTRACT. Because the monsoon strongly affects India, there is a clear need for indigenous expertise in advancing the science that underlies monsoon prediction. The safety of marine transport in the tropics relies on accurate atmospheric and ocean environment predictions on weekly and longer time scales in the Indian Ocean. This need to better forecast the monsoon motivates the United States to advance basic research and support training of early career US scientists in tropical oceanography. Earlier Indian field campaigns and modeling studies indicated that an improved understanding of the interactions between the upper ocean and the atmosphere in the Bay of Bengal at finer spatial and temporal scales could lead to improved intraseasonal monsoon forecasts. The joint US Air-Sea Interactions Regional Initiative (ASIRI) and the Indian Ocean Mixing and Monsoon (OMM) program studied these interactions, resulting in scientific advances described by articles in this special issue of Oceanography. In addition to these scientific advances, and while also developing long-lasting collaborations and building indigenous Indian capability, a key component of these programs is training early career scientists from India and the United States. Training has been focusing on finescale and mixing studies of the upper ocean, air-sea interactions, and marine mammal research. Advanced methods in instrumentation, autonomous robotic platforms, experimental design, data analysis, and modeling have been emphasized. Students and scientists from India and the United States at all levels have been participating in joint cruises on Indian and US research vessels and in training participants in modern tools and methods at summer schools, at focused research workshops, and during research visits. Such activities are building new indigenous capability in India, training a new cadre of US scientists well versed in monsoon air-sea interaction, and forging strong links between Indian and US oceanographic institutions.
subsurface warm layer (Sengupta et al., 2004; Mahadevan et al., 2016, in this issue) . Earlier ocean measurements (Harenduprakash and Mitra, 1988; Sanilkumar et al., 1994; Bhat et al., 2001; Rao and Sikka, 2005) and models typically resolved the ocean at horizontal scales of roughly 10 km or larger, and vertical scales of 10 m or larger. Recent assimilation of data from moorings, CTDs, and Argo floats into numerical ocean models (see Chowdary et al., 2016 , in this issue) points to an urgent need for measurements and an understanding at higher vertical and horizontal resolutions as well as to a focus on the near-surface ocean. Recent studies using both forced ocean models and coupled models suggest that ocean physics on subgrid scales is critically important for realistic simulations and forecasts. In particular, operational models have serious deficiencies in simulating the shallow, fresh layer in the Bay of Bengal. The model ocean mixed layer is too deep (Ravichandran et al., 2013; Fousiya et al., 2015) . Examination of the existing data sets and field measurements indicates that neither upperocean physical processes nor the details of momentum, heat, and freshwater exchange across the air-sea interface are adequately resolved. Resulting errors in sea surface temperature (SST) and thus air-sea fluxes appear to limit the ability to realistically forecast intraseasonal variations in the monsoon.
Observations from moorings, floats, Working together on research cruises has played an important role-not only has it promoted detailed discussion on observing techniques and science but it has also fostered mutual understanding and friendship between personnel from different Indian and US institutions. Mornings were devoted to lectures and discussion specific to lectures while afternoons and evenings featured demonstrations and team meetings to make progress on projects. Five oceanographically relevant demonstrations were conducted in the afternoons using a compact, portable "weather in a tank" setup provided by author Tandon (courtesy of John Marshall of the Massachusetts Institute of Technology; http://paoc.mit.edu/ labguide/projects.html), which reinforced the concepts learned in morning lectures.
Workshop attendees were divided into four teams that each included participants from different institutions. Each team, named after a river terminating in the Bay of Bengal, was assigned to work on a project that involved using an upperocean data set, a flux data set, or modeling. The projects focused on the following topics: one-dimensional estuarine modeling (guide: K. Venagayamoorthy), North Atlantic Tracer Experiment upperocean dissipation data (guides: Lou St. Laurent and Eric D' Asaro), Tropical Rainfall Measuring Mission data analysis (guide: V. Venugopal from IISc), and Exploring Arabian Sea data set using one-dimensional modeling (guide: Amit Tandon). The students worked on their projects into the evenings and over the weekends, with several groups reporting that they worked on their projects overnight as the presentation day grew closer. The groups reported on their projects on the last day of the workshop, with all students participating in the presentations.
Anonymous written feedback was collected after the workshop. The attendees were asked which components of the workshop appealed to them and which aspects they would like to see retained or changed in the future. They were asked about the balance between the time spent on content of the workshop, including demonstrations and the time needed for the projects. The anonymous survey elicited unanimously positive responses on the demonstrations and the teaching.
Both introductory and advanced topical lectures were highly appreciated by the students. They commented on the enthusiasm of the teachers and the active learning with demonstrations, and they appreciated the effort put in by the teachers in making difficult topics accessible. The surveys suggested that two hour-long lectures per day with the rest of the time devoted to demonstrations, discussions, and projects would work best for future workshops. Topics for future workshops suggested by attendees included glider training and training related to air-sea flux moorings, internal waves, and geophysical fluid dynamics, and there was a demand for more lectures on upperocean processes. Additionally, a book on real-time observations in the ocean is planned with US and Indian authors from more than 15 institutions.
Training Activities

Training on US Ships
Indian, Sri Lankan (see Box 1), and US students and junior scientists participated in all three R/V Roger Revelle cruises (Figure 2 e participants from India included early career scientists from NIOT; INCOIS; NIO; ISRO/SAC; TIFR; National Centre for Biological Sciences, Bangalore; and the National Centre for Antarctic and Ocean Research (NCOAR), Goa. During the cruises, the Indian participants were trained to deploy and analyze a wide variety of both commercially available and specialized (noncommercial) research instruments, including standard shipboard CTD and ADCP systems, and the high-resolution underway CTD and microstructure systems, as well as to deploy and recover specialized autonomous Wirewalker, glider, SOLO float, and boat systems.
An intensive water sampling, filtration, and analysis campaign was incorporated into all cruises over the three years. Researchers from India supported collection of water samples to measure nutrients, high-performance liquid chromatography (HPLC) pigments, particulate organic carbon (POC), dissolved organic carbon (DOC), colored dissolved organic matter (CDOM), dissolved inorganic carbon (DIC), pH, alkalinity, and phytoplankton taxa, and they provided cross calibration for flow-through nitrate, oxygen, and chlorophyll sensors. The cruises led to a joint effort to describe the large-scale biogeochemical distributions within the Bay of Bengal (Sarma et al., 2016 , in this issue). There was also onboard training for marine mammal observers (see later section). Each cruise also featured evening lectures, presentations, and scientific discussions led by Indian, Sri Lankan, and US members of the science party. All early career scientists on the cruises were encouraged to begin plotting, analyzing, and discussing the available data streams.
Ongoing Training
A key aspect of modern oceanographic research is the close coupling of fieldwork, data processing, data analysis, and scientific synthesis. Training in this synergy has been mostly through one-on-one The ASIRI-Effects of Bay of Bengal Freshwater Flux on Indian Ocean Monsoon (EBOB) project had a dedicated training and capacity-building component. As part of the training, US scientists taught courses in physical oceanography at the National Aquatic Resources Research and Development Agency (NARA) in Sri Lanka, and NARA scientists visited the United States. The Partnership for Observing the Global Oceans (POGO) supported part of this activity through scholarships. Capacity building included conducting training courses in instrument deployment, maintenance, and retrieval and in data processing for a group of students from NARA, the Colombo Meteorological Department, and the University of Ruhuna ( Figure B1a,b) . A large number of Sri Lankan university faculty members, government scientists, undergraduates, and high school students visited R/V Roger Revelle during its port calls to Colombo ( Figure B1c ). Tens of Sri Lankan scientists participated in Revelle cruises, jointly deployed instruments, and collaborated on data analysis. Periodic cruises were conducted by NARA using R/V Samuddrika ( Figure B1d) The skills addressed in this training are diverse and have been accumulated through the wisdom of community best practices. Examples include identifying the spectral noise levels of particular instruments, matching temperature and conductivity signals to minimize salinity spiking, and making subtle corrections for lateral displacements between shipmounted ADCPs and GPS/heading sensors to account for differential rotation ship rates, especially for the nonstandard ADCP configurations (e.g., deployments in the well or in hull, or on over-boarding poles on the side of ship) on some of the cruises. These skills include both instrument engineering and subsequent data processing, which are more effectively conveyed by working closely with individuals than through reading documentation. The process of modifying existing codes and algorithms to work for a particular situation teaches the type of flexibility and innovation that leads to robust scientific capacity. The work focused on the operation and use of measurement systems as well as onboard lectures, individual instruction, and educational activities built into the scientific sampling. The overall goal was to build a core group of young Indian scientists and technicians capable of using modern physical oceanographic equipment to address current oceanographic problems. Sensors, measurement methods, and scientific analysis were all emphasized, as it is their confluence that leads to the most productive and innovative experimental science.
Shipboard Training on Indian Ships
Instrumentation training focused on combining two systems capable of measuring temperature, salinity, and velocity, the most important quantities for understanding ocean circulation. One system, the Oceanscience uCTD, profiles temperature, salinity, and pressure from a vessel underway, at 4-5 kts for Sagar Nidhi, to achieve high spatial resolution. It is deployed off the stern of the ship with a small, manually operated winch system. Profiles are made every few minutes continuously for many days using a sensor that can be easily damaged if it hits the side of the ship. Furthermore, the winch system can overheat, and it needs maintenance and repair. These difficulties provided excellent opportunities for training. During the first cruise, US technician Michael Ohmart installed the uCTD and provided instruction on its use. When it needed repairs, the Indian scientists and technicians learned to diagnose the problems with coaching by Ohmart. By the second cruise, all installation and operation, and some repair, was done by early career Indian scientists; by the third Sagar Nidhi cruise, the entire operation was conducted by Indian shipboard participants. The uCTD requires a team of at least three to operate; continuous operations thus involved up to a dozen personnel, provided excellent opportunities to include students at many skill levels, and clearly promoted team building. Nearly 4,000 uCTD profiles taken on the Indian cruises comprise a major component of the ASIRI-OMM data set. Not a single probe was damaged during the cruises.
The second system, the RD Instruments ADCP, measures velocity from a set of acoustic transducers mounted on the ship. Navigational and orientation information are necessary to convert these data to Earth coordinates. Indian oceanographers had little prior experience with shipmounted ADCPs before ASIRI-OMM (Sagar Nidhi's 75 kHz ADCP was not operational when this program began). During the first cruise, a side-polemounted system was installed, but it was not sufficiently rigid. Furthermore, it was difficult to merge navigational and orientation information into the ADCP data stream. Most of the effort during this cruise was spent diagnosing these problems and attempting solutions, a joint effort between Eric D' Asaro and S. Shivaprasad of INCOIS, the chief Indian contact for the ADCP work. As a result, on the second cruise, S. Shivaprasad installed a quality pole-mounted ADCP system and a GPS-based attitude system. By the third cruise, Sagar Nidhi's ADCP was replaced with an operating 300 kHz system, which was supplemented by a 500 kHz pole-mounted system. Of equal importance, Dipanjan Chaudhuri, an Indian Institute of Science graduate student, wrote software that duplicated the manufacturer's processing software. Thus, indigenous expertise in both the installation and processing of ADCP measurements was developed.
The small-scale salinity fronts and eddies of primary interest to ASIRI-OMM are spatially localized and change with time. A flexible sampling strategy that uses information merged from multiple ships, satellites, and models is far more effective here than employing a predetermined, fixed sampling strategy. In particular, maps of surface salinity from the Aquarius satellite combined with maps of ocean eddies from satellite altimetry provided by the Space Applications Centre of the Indian Space Research Organization were effective in directing shipboard sampling toward regions of low-salinity riverine water. Reliable Internet communication was essential for such a strategy. During the first cruise, a slow Internet connection was available only on the ship's bridge with the captain's permission. Improved transfer speeds and access were made available on the second and third cruises. The practical sampling instructions were supplemented by evening lectures on Sagar Nidhi by both US and Indian scientists and students. The talks covered both background scientific topics, recent findings on the cruise, and plans for the next day's work.
The success of both of these indigenous technological improvements and the increasing scientific experience of the Indian team became clear during the third ASIRI-OMM cruise. ORV Sagar Nidhi and R/V Roger Revelle worked together (Figure 3) to sample an evolving salinity front, first on a regular grid involving both ships and then in an adaptive pattern following a drifting surface buoy tagging the front. On Sagar Nidhi, the adaptive sampling was conducted entirely by the Indian team, with continuous uCTD measurements used to create evolving maps of the density structure that were then used to direct the ship track to resample the front. A Lagrangian float was deployed from Sagar Nidhi within a cluster of surface drifters deployed from
Revelle. The combined efforts of the two ships and autonomous instrumentation deployed from them enabled production of detailed maps of the temperature, salinity, and density structure of the frontal region along with air-sea fluxes and oceanic mixing rates.
Glider Training
Modern physical oceanography increasingly relies on autonomous (i.e., robotic) vehicles to sample the ocean continuously, remotely, and without requiring the presence of a research vessel. Development of an indigenous capability for using this technology (Figure 4) is an important goal of ASIRI-OMM, with a special emphasis on using the Seaglider, developed and operated by the Applied Physics Laboratory of the University of Washington (APL/UW) and commercially available from Kongsberg Marine. The Seaglider typically dives to 1,000 m while traveling horizontally about 5 km in diverse areas such as basin-scale circulation of the Bay of Bengal, upperocean dynamics and mesoscale eddies, dispersion of river water, near-surface and subsurface stratification and mixing, surface air-sea fluxes, and the interaction of the Bay of Bengal with tropical cyclones and the monsoon. Graduate students and early career scientists from various US institutions have been exposed to many different topics that encompass the ASIRI-OMM collaboration, and are now collaborating actively with early career and senior Indian scientists. Working together on research cruises has played an important role-not only has it promoted detailed discussion on observing techniques and science but it has also fostered mutual understanding and friendship between personnel from different Indian and US institutions.
We mention several early career scientists from US institutions and the research areas/specific science questions that they are currently working on. Graduate student Jared Buckley (UMass Dartmouth) is analyzing air-sea fluxes from ships, moorings, and reanalyses, and is studying the effects of cold pool events (abrupt cooling per dive. It can thus be steered along a section, or maintained at a fixed location for up to about six months. novice observers in survey methodology, the use of both the big-eye binoculars and survey software, and species identification while actively surveying and also during regular evening meetings throughout the cruise. Evening training sessions included review of survey methodology, simulations of sighting events, and subsequent data entry using role-playing and group discussions, discussion of diagnostic features for identifying tropical cetaceans, review of each day's sightings and observer issues, and a species identification quiz. For daily homework during the cruise, participants completed detailed reports of survey methodology and numerous species sketches ( Figure 6 ). During December 2014, Stafford and Baumgartner traveled to India to teach a short course on bioacoustics at the Indian National Centre for Biological Sciences (NCBS) in Bangalore.
The three-day short course was attended by over 20 students and postdocs of the NCBS Program in Wildlife Biology and Conservation ( Figure 6 ). One of the student participants in the Revelle cruise, Divya Panicker, traveled to WHOI in both 2014 and 2015 for eight-week internships to learn additional methods for marine mammal research. She worked both in the lab and on a marine mammal cruise to obtain additional training in passive acoustic analysis, oceanographic sampling, zooplankton sampling, sighting surveys, and the operation of autonomous ocean gliders.
SUMMARY AND LESSONS LEARNED
The success of these training and capacity building programs resulted from a commitment by US and Indian scientists to the effort and the understanding on both sides that progress on the scientific problems was strongly connected to the success of the educational efforts. The initial demonstration of this commitment was an important component in overcoming bureaucratic problems on both sides. The high level of education and strong existing oceanographic expertise in India was also critical in allowing the incremental training from US investigators to have a significant impact. Most important to our success was the enthusiasm and eagerness to learn shown by the early career Indian and US scientists. The main success of these efforts has been to improve indigenous measurement capability at a technical level. Indian scientists now make measurements that were not possible before the ASIRI-OMM collaboration. Continuing efforts will focus on data analysis, publication, and most critically, the development of indigenous scientific programs using these new measurement skills to address current problems in oceanography, particularly those relevant to India.
For many young scientists from India and the United States, this collaboration provided their first exposure to tropical oceanography and monsoon research. We hope that the examples of successful capacity building initiatives described in this article will help other international oceanographic collaborations. Longlasting collaborations and friendships that transcend national boundaries have been built by ASIRI-OMM largely due to the program's capacity building and training.
This special issue of Oceanography demonstrates that scientific progress has resulted from collaborations by these international teams, and almost every article in this issue has authors from multiple countries. We hope that future efforts will incorporate the knowledge presented in all the fine-to large-scale observations and models into predictive monsoon models.
